The photocatalytic ability of cubic Bi 1.5 ZnNb 1.5 O 7 (BZN) pyrochlore for the decolorization of an acid orange 7 (AO7) azo dye in aqueous solution under ultraviolet (UV) irradiation has been investigated for the first time. BZN catalyst powders prepared using low temperature sol-gel and higher temperature solid-state methods have been evaluated and their reaction rates have been compared. The experimental band gap energy has been estimated from the optical absorption edge and has been used as reference for theoretical calculations. The electronic band structure of BZN has been investigated using first-principles density functional theory (DFT) calculations for random, completely and partially ordered solid solutions of Zn cations in both the and sites of the pyrochlore structure. The nature of the orbitals in the valence band (VB) and the conduction band (CB) has been identified and the theoretical band gap energy has been discussed in terms of the DFT model approximations.
Introduction
The textile industry is one of the biggest consumers of synthetic dyes which comprise a large number of chemicals, mostly organic compounds [1] . Synthetic dyes can be classified into several groups based on their chromophoric groups in the structure. Azo dyes, commonly used as colourants, consist of one or more azo (-N=N-) bonds coupling with several aromatic groups in the structure and account for 60-70% of all dyestuffs in the textile industry [2] . High concentration of dye residues in textile effluents has become a major source of water pollution. Treatment of dye wastewater is challenging, because it contains not only dyestuffs residues, but also various additives such as acidic and alkaline contaminants, pigments, heavy metals, and other organic pollutants [3] . Related research has recently focused on removing dyes from dye-containing effluents or decolorizing them through liquid fermentation [4] .
Wastewater treatment through heterogeneous photocatalysis using semiconductor materials has received enormous attention as a cutting edge, energy efficient technology since the last decade. The main reason is that photocatalysis by itself, or in combination with other water treatment technologies, can provide simultaneous decomposition of a wide range of pollutants at a low energy cost [5] . A variety of semiconductor materials with increasing degree of complexity in composition have been investigated for the photocatalytic degradation of organic pollutants in aqueous media. Bi-based multimetal oxides, such as BiMO 4 (M=V, Nb, Ta) [6] [7] [8] , Bi 2 MO 6 (M=Mo, W) [9, 10] , BiOX (X=Cl, Br, I) [11] , and Bi 2 Ti 2 O 7 [12] , have been considered as promising catalysts.
Photocatalysts containing mixed atoms or solid solutions in the crystal structure have also shown significant improvements in photocatalytic activity as compared with that of their simpler oxide end members; for example, BiNb Ta [13] and Bi 2 MoO 6 /Bi 2 WoO 6 [14] , respectively. Another type of materials with mixed atoms, such as Bi 2 MNbO 7 (M=Al, Ga, In, Fe) [15, 16] and Bi 2 MTaO 7 (M=Al, Ga, In, Fe) [17, 18] , has also been studied for photocatalytic removal of organic dye pollutants from water. These compounds have ideal pyrochlore structure with 2 2 O 7 general composition and generally exhibit diverse physical properties, which are useful for a wide range of applications [19, 20] . These examples contain -block M 3+ metals (except for Fe) along with NbO 4 or TaO 4 networks. Many of the aforementioned investigations have been experimentally driven and have not been matched with a corresponding level of complexity in electronic band structure calculations.
Recently, another set of Bi 2 O 3 -based complex pyrochlore compounds containing M 2+ metals, such as Bi 1.5 ZnTa 1.5 O 7 [21] , Bi 1.5 ZnSb 1.5 O 7 (BZS) [22] , and Bi 1.5 MNb 1.5 O 7 (M=Zn, Cu, Ni, Mn, Mg) [23, 24] , have received enormous attention for various nonphotocatalytic applications. Cubic Bi 1.5 ZnNb 1.5 O 7 (BZN) with space group symmetry of Fd-3m (number 227) is one of these ideal pyrochlore structures that may enable a wider range of metal substitutions targeted to specific properties of interest [25] [26] [27] [28] [29] [30] . The crystal structure of cubic BZN is one of the most widely investigated structures throughout the literature using X-ray and neutron diffraction techniques [31] [32] [33] ; therefore, it can be considered as a good reference for additional research investigations. The BZN structure can be described in general as 2 ⋅ 2 O 6 and specifically as (Bi 1.5 Zn 0.5 )(Nb 1.5 Zn 0.5 )O 7 [34] . The site mainly contains Bi cations, while the site contains Nb cations. It is believed that Zn cations are equally divided between the two sites, with up to 25% of the Bi and Nb cations each being randomly substituted by Zn, respectively [32, 35] ; however, there are some controversies about the percentage of Zn occupancy in the site. Both experimental and theoretical studies have focused on finding the optimal / combinations for particular applications [32, 33] . Nevertheless, the need for a clearer correlation between the crystallographic structure and DFT calculated electronic band structures for this type of compounds is extant.
In this work, the photocatalytic ability of the cubic BZN compound has been investigated for the degradation of an azo dye solution for the first time. To further understand the photocatalytic properties of the material, the optical properties have been characterized by light absorption edge measurements and the effect of Zn 3 -orbitals on the electronic band structure has been systematically investigated by DFT calculations. Particular focus has been paid on the assumptions concerning the substitutions and the effects of these on the size and nature of the band gaps.
Experimental Procedure

Material Preparation.
A commercial dye, acid orange 7 (AO7), has been selected as a representative of organic azo dye pollutants and has been purchased from Aldrich (Australia). An aqueous solution of AO7 with concentration of 20 mg L −1 has been prepared for the photocatalytic dye decolorization reactions. The BZN compounds used as the catalyst in the experiments have been prepared by two different methods, a conventional solid-state reaction and a sol-gel technique. The synthesis of the cubic BZN powders at various temperatures by the sol-gel method has been described in detail in a previous report [36] . In the case of the solid-state method, the BZN powders have been prepared from high purity (99.9%) bismuth oxide (Bi 2 O 3 ), niobium oxide (Nb 2 O 5 ), and zinc oxide (ZnO), which have also been purchased from Aldrich (Australia). The solid-state synthesis includes repeated mixing and heating processes, and the final product has been obtained at 1000 ∘ C after heating for 5 h in air.
Material Characterization.
The crystal structures of the BZN powders have been analyzed by X-ray diffraction (XRD) using a Philips PANalytical X'Pert PRO X-Ray Diffractometer for phase identification. Surface morphologies of the compounds have been analyzed using a JEOL 7100F scanning electron microscope (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS). The samples have been coated with gold particles before the analysis to avoid charging at 20 kV. Specific surface areas of the powders have been measured by N 2 adsorption/desorption isotherms by the Brunauer-Emmett-Teller (BET) method using a Micromeritics TriStar II 3020.
Optical analysis has been carried out to estimate the experimental band gaps of the BZN materials from absorption edges of UV-Vis diffuse reflectance spectra using a UV-Vis-NIR Cary 5000 Stheno spectrometer. The spectra have been recorded in the region of 200-800 nm wavelengths. These measurements have been complemented by mid-infrared (mid-IR) spectroscopy using the Perkin-Elmer 1600 series Fourier transform infrared spectroscopy (FTIR). The IR spectra have been recorded in the region of 650-4000 cm −1 wavenumber.
Photocatalysis.
The photocatalytic ability of the BZN materials has been evaluated by the decolorization of an AO7 solution under UV irradiation. The AO7 degradation process has been monitored by recording its maximum absorption peak ( max ) at a wavelength of ca. 485 nm, in the visible light region. The light source used in this experiment is a 15 W NEC blacklight FL15BL (ca. 365 nm wavelength). The photocatalytic reaction has been performed by adding 0.1 g of BZN powders to 10 mL of AO7 solution in a 30 mL glass vessel, which is then irradiated with UV light. The suspension has been stirred in the dark for 10 min using a magnetic stirrer, before switching on the UV light to start the reaction. After each experiment, the concentration of the dye solution has been determined by measuring its light absorption using a UV-Vis Cary 50 spectrometer. optimized first. Various calculation setups have been investigated using functionals for the Local Density Approximation (LDA) or the Generalized Gradient Approximation (GGA), cut-off energy values from 300 to 1000 eV, k-grids from 0.03 to 0.07 A −1 , and metal and nonmetal choices. A range of convergence tolerances including ultrafine and fine setups and various assumptions on spin polarization in the calculations have also been investigated, particularly when the standard setup has resulted in difficulty achieving convergence and when the converged results have indicated that no band gap is present. However, in most typical calculations, the GGA with Perdew-Burke-Ernzerhof (PBE) functional with normconserving pseudopotentials has been adopted along with kgrid of 0.03 A −1 giving a 6 × 6 × 6 k-point mesh, plane wave basis set cut-off of 830 eV, 100 empty orbitals, and nonmetal, nonspin, and ultrafine convergence tolerance setups. [32] . With fractional occupancy, the structure represents a random solid solution as illustrated in Figure 1 (a). Atoms are displayed using a ball and stick style and rules for color mixing are used to represent sites with fractional occupancy. Mixed cations of Bi/Zn and Nb/Zn are therefore orange (yellow + red) and purple (blue + red) balls, respectively, and pure O anions are green balls.
Theoretical Calculations
Another approach for Zn cation substitution at specific sites of the BZN structure has also been investigated by DFT calculations. In this case, the fractional occupancy is removed and a quarter (25%) of Bi and a quarter (25%) of Nb cations at specific sites are replaced by Zn cations. This approach incorporates new periodicities for the Zn substitutions and can be considered as an ordered solid solution. It is an approach that has previously been used in the literature to investigate the stability of potential specific substitutions by looking at the enthalpy [34, 37] ; however, no report has been made of the effects of these site substitution choices on the electronic band structure and/or the band gaps. There is a large variety of possible choices for substituted Zn cations. The four main different substitution arrangements discussed in the above mentioned stability study [37] have been investigated in our work. An example structure, which has shown the most representative and consistent results with experiments, is displayed in Figure 1 (b). Pure Bi and pure Nb are now yellow and blue, respectively, while substituted Zn atoms are red balls.
BZN structures containing a combination of both random and ordered Zn cations substitutions have also been investigated using DFT calculations and are referred to as partially ordered solid solutions. In these cases, the Zn substitution at either the or the sites is randomly substituted while the other is ordered or vice versa. Figure 1 (c) shows the partially ordered BZN structure, where Zn cation substitutions are random at the site, whereas ordered at the site, respectively. As described above mixed cations of Bi/Zn are orange, pure Nb cations are blue, pure O anions are green, and substituted Zn cations at the site are red balls, respectively.
Results and Discussion
Phase Identification.
The XRD patterns of the BZN powders synthesized at 550 and 1000 ∘ C by the sol-gel and the solid-state techniques, respectively, are shown in Figure 2 . The main crystal peaks in the patterns are indexed to Bi 1.5 ZnNb 1.5 O 7 (JCPDS PDF, 04-016-3002) in the ICSD database, which indicates that the cubic BZN compounds are obtained at both sintering temperatures. The reduced crystal peak widths for materials prepared with increased sintering temperature confirm an increasing degree of crystallinity as determined using the Scherrer equation. Figure 3 . The surface morphology of the powders suggests that the low temperature sol-gel method provides relatively fine and uniform microstructure with grain size of about 0.5 m as seen in Figure 3(a) .
Conversely, the SEM microstructure in Figure 3 (b) shows less homogeneous particles with grain sizes varying from about 1 m to above. A small amount of Bi-rich particles by EDS analysis is also observed on the grain boundaries of materials prepared by the solid-state method. This is likely an indication of formation of the residual impurities or of incomplete homogeneity achieved by mechanical mixing of the different metal oxides. Measured BET surface areas have been consistent with the grain size determinations and are listed in Table 1 .
Optical Absorption Analysis.
The optical absorption curves of the BZN powders prepared by the two different methods are displayed in Figure 4 . Although the grain sizes vary with the processing temperature, their optical band gaps appear very similar. The band gap values estimated from the UV-Vis spectra are about 2.75 and 2.90 eV at 550 and 1000 ∘ C, respectively.
The optical measurement of the BZN powders has also been extended to higher wavelength regions using mid-IR spectroscopy to examine possible lower energy absorption features. A possible small absorption edge could be seen at 900-1300 cm −1 (0.11-0.16 eV); however, it is not very conclusive whether this is the result of electronic transitions within levels in the band structure or not. The experimental band gap values suggest that the BZN powders may have an ability to utilize energy wavelengths of ca. 430 nm and below, that is, that the compound might be responsive to UV irradiation.
Photocatalytic Dye Decolorization.
The changes in the concentration of the AO7 dye solution under UV irradiation for 120 min in the presence and absence of catalysts are shown in Figure 5 . It is apparent from the time-dependent graphs of the dye degradation that no clear sign of dye degradation has been observed in the absence of any catalyst under UV irradiation. However, a slight decrease of concentration of the dye solution (3-4%) has been observed after 120 min of experiment duration. This decrease is due to the slow photolysis of this catalyst under these conditions and represents a baseline for no catalyst.
In the presence of the BZN powders, the degradation of the dye solution is noticeably increased under UV irradiation; however, the photocatalytic activity of the BZN samples varies depending on the catalyst preparation methods. When the BZN catalyst prepared by the solid-state method at 1000 ∘ C is used in the reaction, the observed decolorization of the dye solution is considerably lower than that of the sol-gel BZN catalyst. Only about 18% of the dye solution has been degraded in the 120 min of experiment duration. This might be due to the larger particle size/smaller surface area of the powders synthesized at relative high temperature or the presence of phase impurities in the material interfering with the performance. Although this method is less recommended for the preparation of homogeneous catalyst materials, it is still informative to examine it for comparison, as this is the most commonly employed synthetic method for the preparation of cubic BZN in the literature.
On the other hand, the low temperature (550 ∘ C) BZN catalyst prepared by the sol-gel method has shown significant activity for the photodegradation of the dye solution under UV irradiation. In fact, more than 50% of the dye concentration has been reduced within the first 30 min, further decolorization of approximately 95-96% of the dye has been reached within 120 min, and, shortly after, complete removal is achieved. This result indicates that the BZN compound is photoactive under UV light with wavelength of ca. 365 nm. Therefore, the faster photocatalytic degradation of the azo dye in aqueous media is achieved with assistance of the BZN catalyst photoexcited by UV irradiation. can be described by a pseudo-first-order kinetic model with formula, ln( 0 / ) = , where 0 is the initial concentration and is the concentration at time, . The photocatalytic dye degradation rate using the BZN powders prepared by the solid-state method has shown considerably slower kinetics than that obtained using the BZN powders prepared by the sol-gel method. The calculated apparent rate constants are 0.024 and 0.002 min −1 for the powders prepared at 550 ∘ C by the sol-gel and at 1000 ∘ C by the solid-state methods, respectively. These different reaction rates suggest that the reaction rate is determined by a corresponding different number of active sites on the surface of the BZN powders for the different particle sizes and surface areas.
Additional experiments on the dye decolorization reaction have been carried out using the BZN catalyst synthesized at different temperatures to further examine the influence of processing temperature on the surface area and consequently the reaction rate. Catalyst powders prepared by the sol-gel method have been heated in air at various temperatures in the range 500-900 ∘ C for 5 h, for this comparison. A new set of photocatalytic reactions, using the same initial concentration of dye solution and amount of catalyst, have been run under UV irradiation for 60 min with these powders. The surface areas of the BZN powders and the percentage of decomposed AO7 dye concentration detected at max = 485 nm after 1 h through the catalytic reaction are listed in Table 1 . It can be clearly seen from the table that the photocatalytic activity of the BZN powders is highest at the lowest sintering temperature of 500 ∘ C and that it constantly declines with increasing temperature.
This result is similar to a previous report in the literature, where Bi 2 FeNbO 7 catalysts prepared at the lowest temperature of 400 ∘ C by sol-gel have shown much better performance than the higher temperature catalysts for methylene blue dye degradation [15] . Note that the surface area and the degraded concentrations of the dye using the BZN powders prepared at 1000 ∘ C by the solid-state method show similar results to those obtained for the sol-gel prepared BZN powders heated to 800 and 900 ∘ C.
Some other parameters that might affect the overall dye degradation reaction such as concentration of catalyst, initial concentration of dye solution, and usage of different lamp have also been briefly studied. It has been found that the photocatalytic reaction rate is influenced by both the catalyst dosage and the initial concentration of the dye solution. However, increasing the catalyst amount to speed up the dye removal process reaches a point where an excess amount of catalyst in the solution begins to block the efficient absorption of photons.
Moreover, the stability of the BZN catalysts has been examined by their repeated usage in photocatalytic dye degradation reactions under the same experimental conditions. For such tests, the BZN powders from an initial experiment have been centrifuged, cleaned, and dried before reapplying them in subsequent experiments. It has been determined that the BZN catalyst can be reused at least 3 times repeatedly for the photocatalytic reaction without changing its performance. The XRD patterns of the catalyst have also been collected after the reactions and found to be unchanged. Experiments in the dark have also shown that there is no change in the dye concentration, which is an indication of limited or no surface absorption onto the BZN catalyst.
Electronic Structure Calculation.
As mentioned earlier, the electronic band structures and the DOSs for random, ordered, and partially ordered solid solutions have been investigated using DFT calculations. Among the ordered and partially ordered solid solutions, various combinations have been studied, but the specific arrangements shown in Figures 1(b) and 1(c) have been selected as providing the most representative results.
BZN Random Solid Solution.
All attempts to calculate the electronic band structure of the BZN with fractional occupancy and no spin have resulted in metallic-like materials without band gaps near or from the Fermi level (see Figure 7(a) ). These results have been consistent for all different settings (k-grid, cut-off energy, etc.) used in the calculations when the calculation is spin unpolarized for both cubic and primitive BZN structures.
Since this has not reflected the experimentally observed optical results, spin polarized calculations have also been explored in the DFT studies. A band gap clearly develops slightly (∼1 eV) above the Fermi level (defined at 0 eV); however, the states in the vicinity of the Fermi level appear to be localized impurity bands, above dense states in the VB (∼−1 eV), while a dense CB begins at about 2 eV, as can be seen in Figure 7 (c). Direct band gaps of about 2.7 and 2.9 eV between the dense VB and CB regions have been estimated for the alpha and beta spins, respectively, at the G point in reciprocal space. The nature of the localized bands as impurity bands seems further confirmed by the fact that the calculation assigns the Fermi energy at −0.95 eV to the result, indicating that the middle point between a fully occupied continuous VB and the top of the localized impurity bands has been taken as the Fermi level. This suggests that some optical absorption may be seen between the continuous VB bands and the impurity bands but that the main optical absorption edge will take place between the continuous VB and the continuous excited CB which is separated by about 2.7-2.9 eV.
The DOS curves for BZN random solid solutions are shown in Figures 7(b) and 7(d) . A relatively dense band around the Fermi level in the electronic band structure with unpolarized spins, which consists mainly of and states in Figure 7 (b), becomes significantly less dense when spin polarization is applied in the calculations. Here, the presence of impurity bands observed in the electronic band structure in Figure 7 (d) is nevertheless due to the presence of Zn cations in the structure, indirectly if not directly.
BZN Ordered Solid Solution.
Since the random solid solution model has not given very good match to optical absorption results, apart from some spin polarized cases, the substitution of Zn cations at specific positions in the and sites of the BZN structure has also been investigated by DFT calculations with and without spin polarization. Similar to the studies of random solid solutions, calculations for ordered solid solution have also compared (or attempted to compare) primitive and symmetry options. For the spin polarized case, only primitive structures choices have resulted in completed calculations.
Calculations that have attempted to retain the structural symmetry have led to convergence difficulties, presumably due to the large number of atoms and complexity of the structure. The primitive choice typically ends up into a triclinic structure, while the symmetry choice forms an orthorhombic structure after their respective geometry optimizations. To achieve convergence, criteria have been customized to less demanding values than the usual default values (also, than those which have been used for random solid solutions). Final convergence has been generally obtained with customized tolerance setups using combinations for energy = 5.0 × 10 −5 eV atoms ), respectively, with k-grid of 0.03 A −1 , which gives a k-point mesh of 4 × 4 × 4 and cut-off energy of 750 eV. Figure 9 illustrates the energy band diagram and total and partial DOS for the BZN partially ordered solid solution, where the site is random, while the site is ordered. A band gap of about 2.2 eV (between dense groups of states) has been obtained at the G point in reciprocal space for the orthorhombic BZN structure, which is the same as the band gap obtained from the ordered BZN solid solution calculations; however, the localized levels have been shifted to slightly higher energy inside this gap. This result is still lower than the experimentally estimated band gap values of about 2.7-2.8 eV. A similar difference between calculated and experimental values has been determined for pure BiNbO 4 , where the calculated band gap is about 2.3 eV for the orthorhombic structure, whereas the estimated experimental band gap for powders prepared by the sol-gel method is about 2.7 eV.
The localized impurity bands seem to arise from Zn orbitals in the mixed Bi/Zn cations positions of the random solid solution. Such impurity bands may act as traps for photogenerated electrons during the photocatalytic reaction. The energy band structure of BZN partially ordered solid solution with a spin polarized choice is nearly identical to that of the spin unpolarized cases.
Conversely, while retaining the cubic structure, when the Zn substitutions on the and the sites are ordered and random, respectively, no band gap appears which is similar to the calculated results from the random solid solution structure (unpolarized case). Nb orbitals are driven downwards in energy by the involvement of Zn cations in the site of the BZN structure as Nb/Zn mixed cations. This energy downshift of Nb orbitals diminishes when spin polarization is introduced in the DFT calculations. of −56362.37 eV for the random solid solution. Such a result is often taken as an indication of favourable formation; however, the final structure obtained is slightly distorted from the initial (experimental) cubic structure, as can be seen in Table 2 .
Summary of Calculated Results.
Geometry optimization of the BZN random solid solution produces a contraction of the lattice parameters ( = 10.48Å), while the opposite takes place for the ordered solid solution ( = 10.86Å) as compared to the initial cubic structure ( = 10.56Å), when the GGA function is in use. In the case for the LDA function in the calculations, slight decreases in the lattice parameters and the band gap values are observed for all structures. While the random solid solution maintains the cubic structure after geometry optimization, all ordered solid solutions produce small distortions of the initial structure often to orthorhombic structure. The partially ordered solid solution where the Zn substitution in the and sites is ordered and random, respectively, gives a cubic final structure after the geometry optimization; however, it does not show a band gap, indicating that order of the Zn substitutions in the Nb sites is key to the observation of a gap.
For random solid solutions, only spin polarized calculations have resulted in a band gap, while all the other choices display no band gaps. For the selected BZN ordered solid solutions, only the primitive structure has given completed calculations for polarized spin. For nonspin polarized calculations, both symmetry and primitive structures produce band gaps and band structures with very small difference.
The absence of a band gap in the electronic structure of BZN random solid solutions strongly suggests that the real BZN structure is not randomly substituted, while some gaps can be encountered when ordered and partially ordered solid solutions in the site are investigated. The assumption of a random solid solution may be effective in structural determinations through the use of thermal ellipsoid factors, which average the exact atomic positions in the structure. However, DFT calculations indicate that to observe a band gap additional periodicities, not present in the random solid solution, may be required. Spin polarization may be introducing some additional periodicity in the random solid solution. Ordered and partially ordered solid solutions do introduce new periodicities and they could be present as domains with various orientations, so as to produce an overall cubic-like diffraction pattern. Therefore, the electronic band structures when some ordered solid solution is considered are, in general, more consistent with the optical absorption results. This observation includes the possible presence of impurity bands, which may also account for some of the optical and photocatalytic effects.
Conclusions
The photocatalytic properties of cubic BZN have been investigated for the first time. The BZN has been found to be UV light responsive; however, the photocatalytic activity of BZN is inferior to that of pure BiNbO 4 . Although the assumption of a random solid solution of Zn may give a reasonable explanation for the X-ray and neutron diffraction properties of cubic BZN structure, DFT calculations indicate that, to obtain band gaps in the electronic band structure, some degree of partial order in the substitution is required. This order results in band gaps that are more consistent with experimental optical absorption results and may be favored by enthalpy of formation arguments. Calculations also indicate the presence of impurity bands, which may be responsible for a small absorption edge in the mid-IR and for enhanced recombination and trapping of photogenerated electron-hole pairs compared to pure BiNbO 4 . Although the results indicate that substituted Zn does not produce enhancement of the photocatalytic properties, a methodology has been established which can be systematically used for the investigation of additional 3 -transition metal substitutions.
